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ABSTRACT

We overview our recent progress in lander-based robotics for Mas planctary science. Utilizing a 111 scale laboratory replica of the
NASA Mars Surveyor '98 mission, JPL engineets and Mo seisuce colleagues have demonstrated approaches to lander science
functions such as robotic sample acquisition and depositicn, ¢nd flector based mictoscopic viewing, hand-carried science instru-
ment data collection, and science instrument emplaccinent by o robot. Somie of the significant technical advances underlying this
simulated Mars flight capability include JPL's innovation of arow lightweight, mechanically stift, gas deployed telescopic two
meter robot arm, and cooperative engineering work with Mich wan Teelr colleagues on automated visual positioning control of
robotic sampling. University of Arizona and JPL have tuniiien doveloped complementary advances in lander-based imaging spec-
troscopy and its robotic enablement. We outline this worie, on nrarizing it key techmical features, and illustrating experimental
progress with photographs and an accompanying conloren o vidontape
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1 INTRODUCTION

We have begun developmient of robotic technigues s Lan oo baeod Mans surface science. Following earlier NASA Viking Tand 11
missions [ 1], such scientific explorations will reveal fund mcta information on Mars peology, climatology, and mineralogy, giv-
ing insight to the planet’s history, formation, and rebatinnsl iy 1o e own {21, The focus of vut curtent robotics work is to expand the

scope and improve the efficiency of surface scicnce opraions tie can be cartied out trom a Mars lander. Consistent with goals of

future NASA missions, the mass, volume, and power corstizant Lor such a landed science payloads are severe -- e.g., respectively
20 kg, 70 liters, and 25 watts Tor a first Mars Surveyor “9% 1 ssior. Consequently, per Figure 1, the operational challenges to robot-
ics are exceptional: a nominal two meters reach into the fonder s field, less than S ke flight mass and 10 watts average power uti-
lization. Robot volume and mass must accordingly scals 1 <C8% that of mid-1970°s Viking cra technology [3]. Further, such
robotic operations must be implemented in the context of Tor e di ration autonomy under high-level time delay operator sequencing,
in temperatures as low as -50 o - 100 degrees C(polar sevso il o anemes).
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We overview ourrecent progress in lander-busediobaoticsfo  Mars planctary science. Utilizing a1 2 1 scale laboratory replica of

the NASA Mars Surveyor ‘98 mission, JPL. engincersandhMars . onee colleagues have demonstrated approaches to lander science
functions such as robotic sanmiple acquisition anddcpositicr ond . Hectorbased mic toscopic viewing, hand-carried science instru-
ment data collection. and scienceinstrumentemiplacement yarobot. Some of the significantiechnical advances underlying this
simulated Mars flight capability include JPL's i ovanon ofarew lightweight, mechanically stitf, gas deployed telescopic two
meter robot arm,and cooperative engineering v otk with Michoan Tech colleagues on automated visual positioning control o £
robotic sampling. University of Arizona and JPHhive Juiihiod, cloped complementary advances in lander-based imaging spec-
troscopy and its robotic enablement. We outline this worr  sunatizing its key technical features, and  illustrating  experimental
progress with photographsand an accompanying conteienevidonape
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’98 Science Payload

MASS: 20 kg
VOLUME: 70 liters
POWER: 25 W day (avg)
10 W night (avg)
THERMAL.: lander provides
COMPUTING: jander provides
COM/DATA: RS-232, MIL-STD 1553,..
LIFETIME: >1 Mars yr (low-lat.)
1/3 Mars yr. (high-lat.)
DATA VOL.: 10Mb / sof
G-LOADING: <50 g’s all phases
Figure1 Mars Lander Bascd Sciened Operctions and JPL Robotic Sinndations
(top left) a deck configuration for Mars londer science llustrating insiramentation options (4]
)@ o/ left) a sunmary list of Mars Sueveyor N landed mission operating constraints [4]
(upper right) the JPL replica Mary 9N ol sl wonwith S-dof composite arii

(bottom right)  simulated operations of lincer (G Hharp)

2. A NEWROBOTFORNMARS ANDER SCIENCE OPERATIONS

As noted above., a primary concernin robotics devddopmeition  ture NASA missions is reduction of mass and volume. These con-
straints arise from logistics of maximized landedd sewcncenass ith minmmum launeh vehicle requirements, thereby enabling more
frequent missions at reduced cost. To this end, wehavesang mov ivs to achieve Viking era like arm scale and reach (as was flown at
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a mission scale approximately Ox greater than Mars Suove . orprosam cost/lasunched mass). greaterarm dexterity than that lentic -
ular (extensible tube) [-dof mechanism and actuated cttcoterand more tuctlity for on-arrninstivmentation and én situ science. Our
approach to meeting the volume constraint has beento develop e teescopic device (2as pressutization deployed) that  efficiently  col-
lapses in stowageto about 1/5 of its two metet fu Il (st Hitpdcularworkspace reachis dictated not only by typical science
geometry, but alsoby need toaccessmorepristing matcival 0, farftomanactively propelledfander’s descent burn radius and
chemical contaminants as possible). We have addressvilicdurtioof muass through use of composite materials, the arm reported
here having such a 8-segment deployable linkage, w ith u swnplmge cf tector cotrently under constrnetion using similar materials and
a new class of high power/mass density solid statepic/zocketnealydriyven) motor. Note thatthe R&D prototypes we present here
are terrestrial lab models -- devices andsystemswhosccompnne asseniblics atenotspace qualified to environment  anti launch/
flight dynamics. The graphite epoxy mechanicalariustiuctuiesus ihay e space her itage, and ate extensible for flight model devel-
opment. l.aboratory actuators & drives are comunercial 1) wvailabl brushed and magnetically encoded DC motors and harmonic/
planetary gearing, all of’ which hasspzlce—qualiﬁcd('mnm';,»;u\i: \'arimlssj»acepluli'orm(Icpluymcnt mechanisms, etc. Oor pri-
mary goal in this R&D) work has been to demonstiate newfiitionlity andform-fitfeasibility; wehave addressed flight operations
constraints & designrequircments in a separate technolugypropcal to the Mars Surveyor “98 Announcement of - Opportunity  for
landed science mission [4].

2.1 Arm Mechanical Design and Fabrication

The JPL. arm, as show 11 Figure 2 below inbothstowdund deployed side-Inoullt [:vider conligurations, is composed of two
links, each link containing four telescoping tube scgmentsj livginentis graphite epoxy with a 30 cm. length and .040" wall
thickness. The eight segments range frominnerdiamete, (1125 1o 1/5”, insteps 017.25'. Thisallows the tube segments to nest
inside of each other when stowed. Hach segment has anin cinal nd externalfitting designedtolock the segments rigidly during
deployment. A No. 1 Morse. taper lock, fabricate{! from A 1005110 wasused o provide thenecessat y locking force. Hach comple-
mentary set 01 fittings was then bonded to the inside andousiic ¢ the tube segments using Stycast 9394 epoxy. When air pressure
is applied, the outer fitting of oncscgment slides alony i inerhameter of the pextlarpestscgment, eventually locking into its
matching inner fitting. Bach outer fitting has ancmbedded Oning - whichiseads each segmentduringlocking. ‘he ends of the first
and last segment of eachlink have fittings (A 1 6061-T0) Wiy ™ ide pressure seals for deployment, rubber grommets and clear-
ance for cabling, and bolting surfaces for integration tothiat e jointstiucture, Compressed air enters through the first fitting o f
Link 1 (upper arm) by means of aswage-lockrightangle prescuretitting. ‘1 heairis then transterred from Link 1 to Link 2 (forearm)
by way of a‘stinger” attachment. The “stinger™ s attiched to 11 wopfitting 01 1 .ink 2, and is sealed into 1 ink 1 for deployment
using a rubber grommet. The “stinger”detaches from ik [duniactuation of the clbow jointafterdeployment. To prevent twist-
ing of individual segmentsduring deployment, aluinnuncenm v ratls were bonded and screwed to the outer surface of the seg-
ments. The rail follows a broached groove intheaniterniditingnt the neatlargest segmient, keeping the segments aligned until
locking is complete. The arn links are integrated to the joint suucures using English fastencers, and sealed using RTV  Silicone.

Figure 2 JPL Lab Prototype Arm for Mar Lander Science Operations
(left) stowed arm configuration pron o gos iven deployiment

(right) 2.2 meter arnn in a deployed cper ity e Configuration




The joint mechanical components consisted of motors ard he imome diives at both the shoulder (DOF 1 and 2) and the elbow
(DOE3). The motors used are Micro-Mo brushed DO uoters with maguetic encoders and enclosed planetary gear reduction. The
gear ratio at both shoulder locattons is 134:1, whale the 1atio ot the elbow is 1301 These units are the inputs to harmonic drives that

provide a further gear reduction ratio of [00:1, and have bu Cin bowings. The motor/encoder/planctary units are cantilevered otf of
the harmonic drive by use of a fabricated A1 6061-"F6 supp.ort

The joint structural components consist of parts desigaed a1 fabricated for both the shoulder (DO 1 and 2) and the elbow
(DOF 3). The parts were fabricated by machining and welding trom A1 6061-T6. The individual parts were assembled using
English fasteners. The joints are then joined to thei respoetive joi t mechanical components by using mietric fasteners to directly
conncect the fabricated hardware to both sides of the hannornic diiv e, The entire joint stracture was then attached to the end fittings
on Links I and 2 using English fasteners and RTV Silicone. When issembled. the manipulator arm structure is then connected to the
Mars '98 lander model using tour 1/4" bolts. A tic-dow e supporow s fabricated and attached 1o the Tander mount to hold the free end
of Link 2, which allows a symmetrical deployment of both i simultancously. The atm stand at 40 emoin height when stowed. For
the demo, compressed air at 45 psi was used to deploy the cro Tl total extension after deployment is approximately 2.2 meters.

2.2 Robot Arm Controls

We have implemented the amm servo and kinematic contrale i a st aightforward manner, The seivo drive utilizes a set of Galil con-
troller cards (4 dof/VMIL, 1 6-U slot, 1 connector) addiessine the Micto- Mo DC motors. Per abave, the etfective shoulder gearing
is 13400:1, clbow 4300:1 -- respectively encoded to resolutons o (PPR: 10/channel. with quadrature, 40 counts per shaft rev) 11.7
uRadians/.000672 degs, and 6.5 uRadians/.00209 deps. K noma os runin o VME-bus 68040/VxWorks environment. The 3-dof
robot has a directly solvable inverse kinematic, and o8 smnpling operations dictate, we can optionatly control the arm in joint, sim-
ple coordinated joint, and {ull cartesian task space maodes. O cmphasis on foither controls development is two fold: 1) power opti-
mal trajectory controls, reflecting realistic constiaints of space occrations (e.g., for a given task space goal, solve a trajectory for
stated minimum power budget constraints over tire [ 510 7y devele sment of computationally simple but operationally robust behav-
iors [0, 7] for contact manipulation, task verification wad mar palator-health and safety (c.g.. for a given set of operational
sequences, and limited real-time sensor feedback codily o acctul set of finite state control actions). In general we are interested in
those techniques and system architectures that fucilitate loneer funtion \el)s~Ir-let~ret(c<[l autonony and eflicient supervisory inter-
action in telerobotic systems|8,9, and references thercing.

3. ARM POSITION CONT RO R EFA NG TOTARGLETS OF VISUAL INTEREST

With the above robot having been developed and placed ur dios Kisematic control, there remained a fundamental system problem --
establishing the relationship of the arm’s position conbiel i prts 1 Ltive o a given world frame location -- e.g., as specified in mul-
tiple lander camera views by operator designation or ach no vision, Inits most tamiliar form, this problem is one of visual work-
space calibration. Tmplemented in a traditional elobal woo {00 1T the solution requites explicit modeling of the camera
parameters, robot arm kinematics, and estimation of non-hoisog. neous world frame transformations. This approach can be prob-
lematic if camera or arm information is lacking, or subjeet to nnp dictable change (e.p., doe 1o dimensional effects of extreme tem-
peratures, operational system contingencies). In this seviion voe doseribe an implementation approach yielding accurate estimates of
an arm 3-D positioning control referenced directly 1o 2-D i neve poane information ol multiple cameras. This Camera Space Manip-
ulation method, as pioncered by Skaar and colleagues |17 teads 1o ahighly efficient, robust means of localizing the arm relative to
a task space coordinate (in generality, a position and oren ationin the case of our 3-dot arn.an affixed world frame position --
e.g., a small rock swnple in the reachable lander ficld)

3.1 Technical Concept

The camera space manipulation(CSM) method [12] s predica g on estimating view porameters that deseribe the relationship
between the appearance of image-plane visual featwes tor “caes” - ocated on the manipulator and the internal joint configuration of
the robot. Once this relationship is established, control of the rol ot is carried out entitely within the reference frame of the partici-
pating cameras without regatd to any physical reference frame,

Using an orthographic camera model and o nomal model o the tobot forward kinematic, one can refate the appearance of a
cue on the manipulator end-effector to the intetsal joirs contiusation of the robot. Such cues we illustrated overleaf in Figure 3.




This relationship contains six view parameters which arc 1o He detenmined. For cach participating camera, these six view parameters
are estimated initially by moving the robot through o “preplenred 1 sjectory”™ which consists of a large set of joint configurations. At
each joint configuration, the location of the cues on the enc citee o in cach of the participating camera's image planes (or camera
space) is measuted. Based on this large set of stimultancous joint wid inage plane samples, the six view parameters for each camera
are estitated via a nonlinea least-squared-error teehnigue. hnpien catation details of how 1o prescribe the preplanned trajectory are
given in the section 3.3 below.

Figure 3 Operator Displays of Manipulator Cue jor CSM Mcthod
(left) view from booni mounted canicra i iop o lander

(right) view from camera mounicd beneas solae panel

For 3-1) point positioning tasks using the three degree on freddom arn, the tanget point i physical space to be approached by
the end-effector must be identified in each image plane of the paracipating cameras. As alluded above, for more general 3-1 tasks
involving six degree-of-freedom manipulators (where bath poaitic and orientation of the end-effector relative to the target object is
required), multiple target points on the object to be approaced st be identilied.

Once the common target location has been ideutiicd mcach camera’s tmage plane and once the initial view estimates have
been determined from the preplanned trajectory, the interna joimt . onfiguration that brings o point on the end-eftector to the desired
target point is determined by minimizing the sutn of the squaned ¢ lierence between the image plane location of the target point and
the image plane location of the point on the end-cficetor v both i x and y directions for cach participating camera. Note that for
general 3-D tasks, a minimuin of two cameras must be usal o reclve the joint contieuration. Also, for a single target point, only
three degrees-of-freedom can be determined using this ne thodd Additional target points or other additional information must be
used to determine the joint configuration for systems with o vt three degrees-of-freedom.

Using the above approach, one can determine the joint cor aguration that takes the end-effector directly to the target point.
However, due to various measurement and modaling cirors pres: st in the systeni, the final positioning precision achieved by the
method may be not be acceptable. Instead, the robot is moned the neh g series of intermediate maneuvers that take the end-effector
from a location far from the target position to the location v o b tonminates at the tarpet position. During these intermediate maneu-
vers, additional samples of the cue on the end-clfector ot cogne ed and the six view patameters are re-estimated using this new
information. As the mancuver approaches the terminat topet position, the weight placed on these visual samples is increased,
thereby localizing the relationship described by the view pe-aete s in both the camera space and joint space tn which the maneuver
terminates. This approach also helps to reduce the chanee that the minimization toutine used o resolve the joint configuration con-
verges (o the incortect set of joint rotations. 17 cpproc fis vee - f the main reasons why the method of camera space manipulation
is so robust 1o modeling and measurement errors. Note th C SN ethod s not highly sensitive to obtaining visual information at
each juncture during the approach to the target point. It cucs are ¢ teeted, then they are inclnded inthe estimates of the view param-
eters, otherwise the view parameters are not adjusted The mett od is also very efficient with most computation intensive steps
reserved to the image analysis routine. The camcras uscid for the -y stem do not have o be very expensive or precise. Also, the sys-
tem developed is very flexible in its setup.




There arc cettain conceptual similarities of CSM with suvtonmous guidance of tobot anms by visual servoing [13]. Such meth-
ods control the manipulator based on determining the ciies betw. en the current and desired Tocations of features on the manipulator
in a closed-loop feedback manner. These methods typreally reau e that all features to remain present in the image plane of the cam-
eras and that the features be identified quickly so thar the controli v update to the robot cin stav ahead of the motion of the robot. To
our knowledge, relatively little has been published on cxperimentation in visual servoing for fully 3-1 tasks involving both position
and orientation of the robot's end-effector relative to o desied ol et

3.2 Experimental Implemcentation

The experimental system, as configured for the peneral linde - ba cd robotic arm scenario of Figure 1 and subsequent photo illustra-
tions below, utilized he existing 3-dof arm as well as two low cos CCD cameras mounted on the Jander. One camera was positioned
below one of the lander's solar panels and the other carncra wae mounted on a boom approximately | meter above the top of the
lander base. The two cameras were separated by a distsnce of app oximately 1.5 meters and both cameras were directed so that each
camera viewed roughly the same region of the robot's workspace

Computer hardware consisted of a 80380- based peisonct corputer in which a Data Translation video framegrabber (1D12851)
and a video multiplexer (used to allow more than one videco input were installed. Communication with the robot controller was car-
ried out via the setial port on the computer. The cameri spece reamipulation routines are all written in FORTRAN. Access to the
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framegrabber is also accomplished throvgh FORTRAN valvounime calls to a library of tunctions provided by Data Translation.
Additional code used to communicate with the robot contiedler thiough the serial port was wiitten in Pascal.

A single white centered cue was placed 011 theendetectoran the robot arm. This ciicular cue measured 1.5 inches in diameter
and is constructed such thata dark ring (outside 1adius 7111711 insideradius = 2.5 inches)surrounds a white circle of radius .25
inches. The detection of this type of cueis accomplishedtsy sear ing o raw greyscale lmage acquited by the framegrabber for the
black-white-black pattern associated with the white contacdcu . Note that the ratio of distunces between the blackand white
regions of the cuc will remainaninvariant no matter the vnicntaton of the camera viewingthecue. The circular cue does indeed
map into the imageasan ellipse, but this ratio ofdistancesramains a constant. '10 detectacue.the image is first scarcbed horizon-
tally for regions of the image that may contain a cue (i o constumiatio of distances). Oncee a possible cue is detected, this region of
the image is scarched againin the vel-tics] dircctionandthunn e\ o diagonal directions. Hihe ratio of distances remains constant to
within a certain tolerance level for cach of these tests (hotiyontad, v ertical, and two diagonaly, then the possible cuc is determined to
bc anactual cue, |Note:some difficulties with the cuc deteciontc nmedescribedaroscducto ul~li(ct-induced “false positives”™ from
the simulated Martian surface regolith. To reduce such falas posity es” we tip htened up onthe toletances used tojudge i a detected
cue was an actual cue. There of course existmore robustdiscnniable geometric cues thatcowld be utilized at expense of modeling
and computation).

3.3 Experimental Results

Bach time the system was to be extensively tested, we pettenned o preplanned trajectory once at the beginning of the series of tests.
This preplanned trajectory consisted of a set of 15 joint contivug jons which are specitied ¢ priori. This set of joint configurations
was chosen such that the usable region of joint space that wis te be used for the vatious tasks was. in some sense, spanned com-
pletely. Likewise, at these preplanned joint rotations, the cue on thie end-eltector ot the 1obot also, in some sense, spanned com-
pletely the entire region of the image plane (o1 camera space) o the two ciuneras mounted on the lander. This requirement for
spanning completely the joint region and image plane regions is necessay to estimating the six view parameters that describe the
relationship between the appearance of the cues in cach carnera spoce and the joint configuration of the robot. If the preplanned tra-
jectory is not chosen correctly, there is a danger i converying to the wiong set of view parameters, i.e. ones that only describe a
small region of joint and camera space. This concept of complet iy spanning the range of input and output variables is a familiar
concept in terms of parameter estimation theory. In pencial. the nlity of the view parameters to completely describe the desired
relationship can be evaluated by computing the tesiduais betweer the actual and predicted locations of the cues found during the
preplanned trajectory. If these residuals are “reasonahle” over the entite preplanned trajectory, then the view parameters are
assumed (o be correct. For this experimental setup, reasondile es duals were typically less than 15 pixels. While this is seemingly a
large variance, note the ability of the orthographic coviera mnde o accurately model the system when the cameras are relatively
close to the robot arm is generally reduced.




Once the preplanned trajectory is completed. the vser presenbod tanpet locations are then spectlied. This was accomplished by
using the cursor routine (provided by the framegrabber ) to choose - point on the desited tarpet object in the image plane of each of
the two cameras. In the past, cues were used to identity targ: tioca ong in order to guarantee that a common point in physical space
was detected in cach camera. The fact that we employed wver oes ribed target locations in cacl image plane which may not corre-
spond 1o a common physical point in physical space sas one of the noveltics of the svstem developed.

After the target locations are prescribed in cach came o the approach tajectory can be completed. This trajectory is deter-
mined by resolving the joint rotations as described insection 3.10 I sread of solving for the jowt rotations that takes the end-effector
directly to the target object, we resolve the joint totations such ot aoseries of three intenmediate positions are achieved by the
manipulator. At cach intermediate position, the cue on the ¢ d effewor is detected ineach camera and the view parameters for each
camera are re-estimated. This approach aids in further refinine the view parameters such that they do a good job in capturing the
relationship between the camera space and joint space 1 d 1egion of camera space and joint space that is “local” to the final termina-
tion of the mancuver.

The first series of tests conducted with the system were used 1o evaluate the actual positioning precision of the entire system.
During these tests, the actual physical target location was m-1hed be accue so that the inaccuracies associated with a non-compatible
target point in each camera's image plane was not a fuctor After eonducting numctous tests in which the target location was moved
through the region of the robot's workspace (as vicwable from the cameras), the final positioning of a point on the end-effector was
determined to be within 5 min of the actual desived wrger lo anon nnall three physical space directions.,

The next series of tests of the system dealt with the ta k of ¢ specting v arious rock sconples which were stuttered around the
lander. During these tests, the user of the system presciibedth tareet locations in each cimera’s image plane. Despite the fact that
these target locations did notdescribe acommonpointin physica Lpace, the system didnothave any trouble converging to a set of’
joint rotations thatwouldtake the manipulator throuplithayno. b trajectory and then position the €0 d-effector over the desired
target object. (Yivaluating the sensitivity of final positioning procisonas afunction of the incompatibility in the user-prescribed tar-
get locations is a substantive problem for furtherinvestyation

The final series of tests dealt with the acquisition of a svwdl re -k sample from the soil sutface through the actuation of the pow-
ered scoop. lior these tests, a point on the end-eflector tor Cutension of the end-effecton) was guided such that this point terminated
over top of the sample to be acquired. Once this was accomplishid the scoop was actuated so that the sample along with the soil
itself was picked up by the scoop. These tests were also succe-sful as illustrated in Figure 4.

Figure 4 Acquisition of a Small Rock Seanple uniter CSM-based Position Control

left manipulator during approach to san ple
o < I

(right) sample in actuated scoop just follsving corminal positioning & acquisition

W c note afew observant about the. specdotthe (Shop ration In the’'sc CXParimentaltrials, the time the system took to
identify the cuc in both cameras and 1o resolve the jointio atons that take the 1obot to the next focation in the approach trajectory
was approximately 1 (0 seconds, The image analysis tookithe naj nty of the computational effort. However, given the objective of




finding a single cue,we couldlocalize cue searchinasiallieyio  of each the camera's image plane. Using knowledge of’the view
parameters for cach camera, one could predict Jocation of the cue i the image plane, subsequently to center asmall window  about
this predicted cue locationand just search this windowimnsticol 1 e entine frnage plane. Also. the problemof false positives earlier
noted is not very critical once the view paramicic s hove beensiimated. This is because a thieshold on the accepted residual
between the predicted andactualcuelocations couldby u-cdtothrow outany identified cues thatdid not conform to the current
estimated view parameters. Typically this thresholdwasse ot Spxels (e cues that had residuals larger than 15 pixels were not
used to re-estimate the view parameters). As mote ad mori pproach trajectonies wereattemptedanda large number of cues were
detected, then typical residuils were on the orderot 2-5pixds Cesninly the entire computational process could be scaled as desired
using a faster processor. Nordoes the systemncecdtostog nooretto acquie a visual sample. 1 a video sample can be simulta-
neously acquired withsamples 01 the joint rotations ¢\ jarthe morencoders), then the method can proceed non-stop during its
approach tothe target POSilion. Witha quick processor, thi- apprechmiay allow formanymore cuesto be detected during the tra-
jectory that brings the end-effector to the desiredtangetiocition.

3.4 Issues for I'urther investigation

in closing this section we comment briefly on some atcas webelve use ul to investigate further, as either might improve system
robustness or generality of the techniques developed.

o automatic correlation of a corresponding target location in on- camera gfter selection in another: Such an algorithm would cir-
cumvent the need forausettoprescribe matching tuget Hoiorsinboth cameras asis done now. while the method of camera
space manipulation dots not rely on calibrated COmneras. th.reis Oihe information contained in the estimated view parameters and
there shouldbe away to (recursively) use this information ), e thpossibly avery crude cameracalibration to determine match-
ing image plane locations that correspond to the ssne physe ol pont,

.camera space manipulation for obstacle/collision cnvoide,,< o (Cnerently the system possesses no capability to react to its environ-
ment - ie. themethod only computes joint configurations thatacheve the final positioning rclative to the target object and assumes
that the path that takes the robot there is obstaclcfiee Yo he tk athand, we envision the following type of’ scenario. in some
manner, obstacles thatare currently within the robot's workspacas viewed from the two cameras are identified in both image
planes. Thiscould be done by interactively outlining regions of Guera space inwhich obstacles appear or by using computerized
image analysis toestimate object edges and extemalconts. Inen,inan off-line fashion, the jointrotations that bring the end-
effector within the region of the obstacles wouldbe compu el aally, citheras partof the CSMincthod or as something separate
fr o m CSM, the joint rotations that are computed dur jachiti 1e<tony would be modified using the information gained
during the identification of the obstacles, In thismannct.th. Uitierory computed duing the approach phase could be constrained to
occur within a certainregion of the two image plancstorpmtsy ace). Theroutine used toresolve the joint rotations based on the
location of the target points and the current viewparamete c-tintes putatively could include ¢ tors that are related to the identi-
fied obstacles. The final positioning would remain consiste i, justite path followed being modified,

coperator interactionand supervisory control:11w)111,1 L de siible tointeractively, iteratively exploitmost current knowledge O f
the view parameter estimates to show the operatorthiow thrnipulatorwill perform a certaintask within the image planes of the
two cameras. While the actual guidance of the nimipulitoziay Foslightly difterent due to the cues detected near the terminus of
the maneuver, the simulation of the motion will be close o whns actually carried out. Inthis way, the operator can check the
motion andmake judgements about things like obstac ko aveqdanc teachability, ete.

4. ANALYSIS OF SAMPLES

The broader goal of work described in this papenstocouy ledentrobotic activity to Mus lande-based science data acquisition
anti in situ analysis. Thercare many possiblescenaniosandenablie insttuments for this pursuit 2], We illustrate in Figure 5 over-
leaf some of the robotic science options we have beenn toovalinte inknown correspondence Witliinterests of the Mars science
community. Certainly one arca of MUor interest are thos e appioa hes which both spectially and spatially discriminate information
about the Mars surface constituents. Spectral inforunton prey ide unportant ewes to mineralogic classifications, anti once samples
of interest aie so detected, thena microscopic visualanalvsisnds nple surface structure (Textuing, erains, local spectral properties,
weathering) canreveala great deal more of geologicimmitalogi and climatic importance, including assessments of' volatile con-
tent with possible implicationsto exobiology and prioititcon Mis Inthis closing section, we briefly descr ibe an area of develop-




ment being pursued by University ©f Arizona in col aborat suowith JPLcoll cag ues: use of a m ultispectral handlens for
spectroscopic analysis of' the lander global neatficld. andmore ftailedimicroscopic analysis of robotically acquired samples. The
lander-based operational configuration f-or this woikisiliuit atedm Figure 6 overleaf,

Kigure § Simulated Mars Lander Scicnce Operations

(top left) microscopic viewiny of larg 1ok wmple via end-arn mounied camera
(bottom left) emplacement of simuiated ¢!piva ) oton x-ray device to rock sample
(upper right) end arm mounted point spedtromecr for locad sample analysis (D, Blaney)

(bottom right) opposed jaw dual aciveicd oficete in terminal approach to sample acquisition

The Multispectral Handlens (MSHL) is being dovelpodarthe Laboratory for Autonomous Remote Sensing at the University
of Arizona as part of an integrated smart system fer tobetic sanpling and analysis of Mars [14]. The MSHI. functions as a lander-
based spectral imager to obtain spatial and compositional dato iathe far-field, near-ficld (local lander environment), and micro-
scopic regimes. Spectroscopic machine vision provides v cali of compositional information compared with monochrome or 3-
color systems. Such an instrument is necessary to peitor n geo’hgic science-based targeting and verification for arm manipulation
and sampling. Our goal is to develop a fully inteprated by oot systenn that will have the capability to image a scene, autono-




mously perform initial mineralogic classification bascd on the sp v traband spatial cuvitonment, determine which elements merit
closer examination, and collect samples via the roboticatmtorfu hetanalysis using a landerbased suite of instruments.

Our app[-each is (0 draw on multiple disciplinestodevelopa uite of practical capabilities for autonomous non-contact optical
compositional determination in @ spatial contextr.c., determnm “what is wand where is it')” Interpretation of such complicated
anti often voluminous data is presently a time-consuming pro.Cssiequiring lighly specializedhuman analysts. We believe that the
information returned from anautonomous sensoisy stencshulifboatarpeted. context-sensitive, 1)izl]-level extract of the more volu-
minous data obtained by the system.This is true whetherthiecipentis anothermachine otis human, especially if real-time results
are required. The sensor system must be able toadaplivelvdid  what datato take how and when to take it, and how to process
and analyze 1tto suitably return the desired informuatenSocha ystentiequires 8ut 0t nated jutelligence, on-board processing and
analysis, and adaptive decision-making capab ility. These oojectiv os are patticularly challenging in a highly unstructured environ-
ment such asa natural geologic setting.

For the role of spatially and compositionally mapping tholoalenvitoninent, the MSH 1L will be mounted on a pan-tilt head on
afixed mast above the simulated lander. It can also bomouted aafixed lander-based instrument foruse as a mult spectral micro-
scope. In the future, improved lighter and smallerycrsions otthe virentinstrumentcouldbe placed directly on the end effecter of
the robotic atm, or on amoveable mast for use bothinuco f cld and micioscopic regimes. The current prototype MSHI, provides
spectral imaging from 0.4-1 .() mmwavelengthusing Yintericione  filters, overdistances frominfinitytoafew centimeters. At long
ranges it can characterize the general geology of the landin - site, vicloser r anges, itcannapthe tyefir-ficld environment spectrally
and compositionally for usc in targeting and venficationtoranmmanipulaton and swmpling. Atvery close range (a few en]) the
instrument functions as a multispectral microscope, returning spesttaland spatial information forindivid ual mineral grains clown to
-20 microns/pixel. We have had good successalspectialextracionandiner alogic identification over all of these regimes, an
illustrative example being given by Figure 6. We have bogvnnte ration with the Tander robotic annusing the MSH 1. as a represen-
tative automated scientific instrument. Samples scquiteiiy the sbotic anm were deposited onalander-mounted turntable which
then rotated the samiplesunder the MSHI.. Suchadelivery . vetencan be extended to transpottsamples to several instruments with-

out requiring fur ther arm movement.
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Figure 6 Multispectral Handlens and Lader Bosed Operations

(left) University of Arizona Muliispectal Hea Alens (R Singer et al.) in deck mount configuration
(right) spectra extracted from nidnerc!s oelieve Dro exist on the Martion surface. Subtle spectral dif-
Jerences in the visible (0.4-0.7 microns) cre coviplens nted by characterisiie spectral featres in the near-IR
(0.7-1.0 microns) providing the capability for compeiidonal discrindnation and mineralogic identification.
This data highlights the necessity of pudiispecra’ ing very over that of monochrome or 3-color systems

1.0




An important feature of the MSHIL is the ability to perfonn s l-contained autofocusing, The autolocusing algorithm analyzes
and optimizes the information content of the imape, clivnuating the need for active tanging systems. Autofocus is necessary since
the camera is designed to function from infinity down o the mcrn-copic repime. A fixed-focus system would be inadequate over
this range. Autofocus also climinates the need for precoe pesiticmg of inegular geologic samples by either a robotic arm or a
lander-mounted sample delivery system.
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